The epithelial-mesenchymal transition (EMT) is a normal developmental process that allows the conversion of epithelial, polarized, and stationary cells into highly motile and invasive mesenchymal cells, a phenomenon required for the normal formation of the embryo (1, 2) . Recent investigations have demonstrated that a similar phenotypic switch can aberrantly take place during tumor progression, allowing epithelial cancer cells to lose cell polarity, epithelial markers, and cell-to-cell contacts, while simultaneously acquiring mesenchymal-associated markers, cell motility, and invasiveness (3, 4) . As a result, carcinoma cells undergoing EMT are enabled to initiate the cascade of events leading to the establishment of distant metastases (5) .
In breast cancer, the phenomenon of EMT has been shown to take place in highly aggressive tumors with a basal-like phenotype, which frequently show overexpression of mesenchymal proteins, including vimentin and smooth-muscle-actin, and cadherin switching (reduced E-cadherin and overexpression of N-cadherin) (6, 7) . In breast cancer patients undergoing neoadjuvant therapy, moreover, it has been shown that recurring tumors after treatment with standard anthracycline-taxane chemotherapy had an increased proportion of cells expressing EMT-associated genes, thus highlighting the importance of EMT in therapeutic resistance (8) .
We have identified brachyury, an embryonic transcription factor of the T-box family (9, 10) , as a driver of EMT in human carcinomas (11, 12) . High levels of brachyury expression in epithelial tumor cells have been shown to drive the acquisition of mesenchymal features in vitro, including motility and invasiveness, and to favor metastatic dissemination of tumor cells in vivo (11, 12) . In a recent study conducted with a monoclonal murine antibody, expression of brachyury protein was found in approximately 40% of non-small cell lung carcinomas and not in a range of human adult normal tissues, with the exception of low levels observed in testis and selected thyroid samples (13, 14) . We have been able to demonstrate the generation of brachyury-specific T cells capable of lysing human lung carcinoma cells (13) . A phase I study is ongoing using a brachyury-based vaccine in patients with metastatic tumors (15) .
In this study we characterize the expression of brachyury in a range of malignant and benign breast tissues both at the mRNA and protein levels and present data on the potential role of brachyury in the biology of breast cancer. We also demonstrate the ability of brachyury-specific T cells to lyse human breast carcinoma cells, providing the rationale for the use of a brachyury-specific vaccine as a monotherapy or in combination therapy approaches for breast carcinoma.
Methods

Patients and Tissue Collection
Thirty patients with histologically diagnosed primary infiltrating ductal carcinoma of the breast were enrolled in the Interinstitutional Multidisciplinary BioBank of the Department of Laboratory Medicine and Advanced Biotechnologies, IRCCS San Raffaele Pisana, Rome, Italy, in collaboration with the Surgical and Pathology Departments of San Giovanni Addolorata Hospital and the Medical Oncology Unit of the "Tor Vergata" Clinical Center, Rome, Italy. Breast tumor tissue samples were collected at the time of surgery. All patients were women aged 26-82 years (mean age = 59 ± 14 years). Informed consent was obtained from each participating subject; the study was performed under the appropriate institutional ethics approvals and in accordance with the principles embodied in the Declaration of Helsinki. Further details are available in the Supplementary Methods (available online).
Immunohistochemical Detection of Brachyury
Sections of formalin-fixed, paraffin-embedded tissues were evaluated for brachyury (T, brachyury homolog) expression by using a murine monoclonal antibrachyury antibody (ab57480; Abcam, Cambridge, MA), as previously described (14) . Two pathologists independently evaluated the tumor and normal tissue samples in a blinded, randomized way. Further details are available in the Supplementary Methods (available online).
Immunohistochemical Detection of Human Epidermal Growth Factor Receptor 2 and Scoring Method
Formalin-fixed, paraffin-embedded tumor sections were used for immunohistochemical detection of the human epidermal growth factor receptor (HER2) protein. Breast tumor sections were pretreated using a commercially available kit (Poseidon; Kreatech Diagnostics, Amsterdam, the Netherlands) according to the manufacturer's instructions. All tumors were immunostained with the CB11 anti-HER2 antibody (Ventana Medical Systems, Tucson, AZ). HER2 staining in surgical specimens was scored by the pathologist according to the College of American Pathologists and the American Society of Clinical Oncology joint guidelines on testing for HER2 status in invasive breast cancer (16) . Further details are available in the Supplementary Methods (available online).
Brachyury Expression and Prognosis
Breast tumor gene expression data (n = 4010) derived from 23 datasets on the Gene Expression Omnibus at the National Center for Biotechnology Information were compiled, including subsets of samples for which recurrence-free survival (n = 1372) and distant metastasis-free survival (n = 2187) were available (17) . Each of the 4010 samples was assigned into low (lowest 25%), intermediate, and high (highest 25%) subgroups according to the levels of brachyury mRNA expression (probe set ID: 206524_at). A particular subset of 357 breast cancer patients treated with tamoxifen monotherapy as adjuvant therapy for 5 years after diagnosis was subsequently chosen for further analysis. Further details are available in the Supplementary Methods (available online).
Statistical Analysis
Data were analyzed using GraphPad Prism (GraphPad Software, La Jolla, CA). The Fisher exact test was used for analysis of the data derived from the breast cancer cDNA arrays. The Spearman rank correlation matrix was used to evaluate the potential association between brachyury expression and clinical parameters for each patient. Kaplan-Meier analyses were used to evaluate the association between brachyury expression and survival. Cox proportional hazards (COXPH) regression was used to adjust for potential confounding factors such as tumor size, grade, nodal status, age, HER2, estrogen receptor (ER), and progesterone receptor (PR) status. The assumption of proportionality was verified by visual inspection of the Kaplan-Meier curves. A P value less than .05 was considered statistically significant. All statistical tests were two-sided.
results
Expression of Brachyury mRNA in Breast Carcinoma Samples
Analysis of brachyury mRNA expression was performed on commercially available cDNAs prepared from 118 human primary breast carcinomas at various stages of disease. As controls, seven samples of normal breast cDNA from seven different individuals were analyzed; each control sample was obtained from a histologically normal section of breast from a patient with cancer or fibrocystic disease. As shown in Figure 1A , brachyury mRNA was detected in 25 of 118 (21.2%) breast cancer samples and none of the seven normal breast tissues evaluated (0%). Further analyses were conducted to evaluate the distribution of brachyury mRNA expression among tumor samples for which data regarding tumor grade (Nottingham histological grade), tumor stage (TNM classification system), or hormone receptor status were available. Analysis of a subgroup of 117 samples for which tumor grade was available showed that brachyury mRNA was expressed by a higher (but not statistically significant) percentage of breast tumors of a poor grade of differentiation (grade 3; 22.8%) compared with tumors of grade 1 or 2 (0% and 11.1%, respectively) ( Figure 1B Figure 1C ).
Other mediators of EMT, including twist, snail, and slug, are overexpressed in infiltrating ductal carcinomas and have been variously associated with histological grade, lymph node metastasis, and decreased survival (23) (24) (25) (26) (27) . The expression of brachyury, TWIST1, SNAIL (SNAI1), and SLUG (SNAI2) mRNA were comparatively analyzed in a subset of cDNAs contained in a single array (indicated by open circles in Figure 1A ) consisting of breast tumor tissues derived from 41 individual patients and seven different normal breast tissues. Whereas brachyury mRNA was expressed in breast tumors but not in the normal breast, TWIST1, SNAIL, and SLUG mRNA showed similar expression in both normal and tumor tissues ( Figure 1D ). These results were comparable with those previously reported (14) , in which TWIST1 and SNAIL mRNA were equally expressed in lung normal and tumor tissues. Although these observations seem difficult to reconcile with previous reports of positive associations between twist, snail, and slug and breast cancer progression, the expression of these EMT drivers in normal tissues has been previously reported (28, 29) and could potentially be attributed to their selective expression in a particular subset of normal cells.
Expression of Brachyury Protein in Breast Tumor Samples
The expression of brachyury was further analyzed in breast tissues by immunohistochemistry with a murine antibrachyury monoclonal antibody (14) . As shown in Figure 2A , 27 of 30 primary breast tumors (90%) were positive for brachyury expression, including two cases where the expression was scored as focal. Sixteen benign breast tissues were negative for brachyury, with the exception of two cases of fibroadenoma in which focal expression of brachyury protein was detected. Representative cases are shown in Figure 2 , B-G; expression of brachyury protein is seen predominantly in the nucleus of breast carcinoma cells ( Figure 2 , B-D) in contrast with benign breast tissues that were negative for brachyury expression (Figure 2 , E-G). Table 1 details patient characteristics and brachyury protein levels in the tumor cells and in the stromal tissue adjacent vs distal to the tumors. The levels of brachyury expression in the tumors ranged from focal to 90% of the tumor cells, with intensities that varied from + to +++. Fifteen of 27 brachyury-positive breast tumor tissues also showed nuclear immunoreactivity for brachyury in adjacent, but not distal, tissue; these positive cells were characterized as stromal "fibroblasts" (see Discussion). Although a larger number of specimens would need to be evaluated to establish whether any relationship exists between brachyury and various clinical parameters, our results showed no relevant differences between samples with various levels of brachyury regarding tumor stage, grade, lymph node status, presence of lymphatic and/or vessel invasion, hormone receptor status, or HER2 positivity (Supplementary Table 1 , available online).
Expression of brachyury was further evaluated in matched primary carcinoma and metastatic lymph nodes from two patients. As shown in Table 2 , brachyury was expressed at higher levels in tumor-positive lymph nodes compared with the primary tumor, whereas the tumornegative lymph node was negative for brachyury expression in both cases. Representative images are shown in Figure 3 for two matched tissue pairs of primary carcinoma and lymph node metastases ( Figure 3 , A-D). Additional metastatic lesions (pleura, bone, and brain) also exhibited high levels of brachyury expression (Table 2 ; Figure 3 , E-G).
Brachyury Expression and Prognosis
Breast tumor gene expression data (n = 4010) derived from 23 datasets from the Gene Expression Omnibus at the National Center for Biotechnology Information were compiled (17) . Each of the 4010 breast tumor samples was first assigned into a low (lowest 25% Table 1 ). Also shown are representative examples of benign breast tissues negative for brachyury expression, corresponding to mastopathy (ductal ectasia) (E), usual ductal hyperplasia (F), and mastopathy (ductal epitheliosis) (G). The brown signal corresponds to brachyury. Magnification ×20. Scale bars = 100 μm.
three subgroups. The analysis of all three subgroups demonstrated that high brachyury expression was statistically significantly associated with higher risk of recurrence (n = 357; P = .03, Mantel-Cox test) ( Figure 4A ) and distant metastasis (n = 332; P = .02, MantelCox test) ( Figure 4B ). A comparison of only the high vs low brachyury expression subgroups showed similar results in terms of higher risk of recurrence (n = 357; hazard ratio [HR] = 2.5; 95% CI = 1.3 to 4.7; P = .007, Mantel-Cox test) and distant metastasis (n = 332; HR = 3.2; 95% CI = 1.5 to 6.9; P = .003, Mantel-Cox test). To minimize the effect of clinical confounding factors such as tumor size, grade, nodal status, age, HER2 status, ER status, and PR status that might cause false-positive association between gene expression and poor prognosis, a Cox proportional hazards regression survival analysis was conducted (n = 270). Supplementary Table 2 (available online) shows the age range and tumor grade of the patients included in each of the three subgroups. In the adjusted model, the analysis of all three subgroups showed that increased expression of brachyury mRNA was statistically significantly associated with higher risk of recurrence (n = 270; P = .003, COXPH) and distant metastasis (n = 270; P = .003, COXPH) (Supplementary Table 3 , available online); a comparison of only the high vs low brachyury expression subgroups showed similar results (higher risk of , COXPH). To further determine whether brachyury might play a role in modulating tamoxifen resistance instead of facilitating tumor progression, the association between brachyury mRNA expression and prognosis was measured among patients who were treated with conservative surgery/local therapy alone (31) (32) (33) (34) . Brachyury expression was not associated with higher risk of recurrence among breast cancer patients who did not receive systemic neoadjuvant or adjuvant treatment (n = 609; data not shown). These results thus suggested that brachyury expression might be associated with tamoxifen resistance. Tables 1 and 2 ); a primary infiltrating ductal carcinoma (C) and a corresponding lymph node metastasis (D) from the same patient (patient 9 in Tables 1 and 2 ); bone metastatic lesions from two different breast cancer patients (E and F) (patients 32 and 33 in Table 2 ); and a brain metastatic lesion (G) (patient 34 in Table 2 ). The brown signal corresponds to brachyury. Magnification ×20. Scale bars = 100 μm.
Association of Brachyury Expression With Invasiveness and Mammosphere Formation
To investigate the potential role of brachyury in the biology of breast cancer cells, brachyury gain-of-function and loss-offunction experiments were conducted. These experiments were designed to specifically evaluate whether stable overexpression of brachyury in an epithelial, noninvasive tumor cell line (MCF7) could impart mesenchymal-like features and whether stable silencing of brachyury in a mesenchymal, invasive tumor cell line (MDA-MB-436) could convey epithelial features. As shown in Figure 5A , stable transfection of MCF7 cells with a brachyuryencoding vector (pBrachyury) resulted in a twofold increase in brachyury expression vs control (pcDNA). Functionally, brachyury overexpression in MCF7 cells markedly enhanced their ability to invade the extracellular matrix in vitro (means difference = 14.3; 95% CI = 10.6 to 18.1; P < .001, Student t test) ( Figure 5B ), upregulated the expression of SOX2 and NANOG, key transcriptional regulators of pluripotency (SOX2 difference = 0.012, 95% CI = 0.011 to 0.013, P < .001, Student t test; NANOG difference:
, 95% CI = 8.5 × 10 −7 to 2.5 × 10 −5 , P = .047, Student t test) ( Figure 5C) (35,36) , and enhanced the tumor cells' ability to form mammospheres in culture. The number of mammospheres formed by MCF7-pBrachyury vs control cells was enhanced both in primary and secondary cultures (secondary culture difference = 83.5; 95% CI = 60.2 to 106.8; P = 0.004, Student t test) ( Figure 5D ), suggesting that MCF7-pBrachyury cells contained an increased number of cells with self-renewal capacity compared with control vector-transfected cells.
Brachyury loss-of-function experiments were conducted with MDA-MB-436 breast cancer cells; stable transfection with brachyury-specific shRNA (Br.shRNA) resulted in a twofold reduction of brachyury compared with control cells (Figure 5E ). Brachyury silencing statistically significantly reduced the ability of MDA-MB-436 cells to invade the extracellular matrix (means difference = −21.8; 95% CI = −29.1 to −14.5; P < .001, Student t test) ( Figure 5F ), decreased the expression of SOX2 and OCT4 (SOX2 difference = −3.5 × 10 Figure 5H ) relative to control-transfected (con.shRNA) cells. As a specificity control, MDA-MB-436 Br.shRNA cells were subsequently transfected with control pCMV or a vector encoding for brachyury and used in mammosphere culture assays. As shown in Figure 5I , brachyury overexpression was able to at least partially rescue the mammosphere-forming phenotype of brachyury-silenced cells as the number of spheroids formed by the MDA-MB-436 Br.shRNA cells transfected to re-express brachyury did not reach the levels observed with MDA-MB-436 control.shRNA cells, as seen in Figure 5H . Brachyury's rescue effect was observed with secondary and tertiary mammosphere cultures (tertiary culture difference = 7.0; 95% CI = 4.0 to 10.0; P = .01, Student t test). In additional experiments, we also evaluated whether brachyury overexpression could further enhance the invasive and mammosphere-forming abilities of mesenchymal-like tumor cells. Overexpression of brachyury in MDA-MB-436 cells further increased their invasiveness (means difference = 23.2; 95% CI = 16.3 to 30.1; P < .001, Student t test) ( Figure 5J ) and formation of mammospheres in secondary cultures ( Figure 5K ), compared with control pCMV-transfected cells.
Brachyury-Mediated Tumor Resistance and T-Cell Cytotoxicity
The role of brachyury in resistance to docetaxel was evaluated with both tumor cell pairs. Silencing of brachyury in MDA-MB-436 cells statistically significantly enhanced the proliferation of the tumor cells in vitro (day 5 difference = 1.1; 95% CI = 0.6 to 1.6; P = .005, Student t test) ( Figure 6A ) and decreased their survival in response to docetaxel treatment in comparison with the brachyury-high, control shRNA counterparts (docetaxel 1000 difference = −24.5; 95% CI = −33.5 to −15.5; P = .002, Student t test) ( Figure 6B ). In line with these results, the overexpression of brachyury in MCF7 cells caused a marked reduction of tumor proliferation (day 5 difference = −13.8; 95% CI = −14.2 to −13.3; P < .001, Student t test) ( Figure 6C ) and statistically significantly enhanced the survival of the tumor cells in response For invasion assays, bars represent the mean ± standard deviation of at least two identical replicates of a representative dataset from two or more independent experiments. Real-time polymerase chain reaction results are shown as the mean value ± standard deviation of three identical replicates. For mammosphere assays, bars represent the mean ± standard deviation of at least two identical replicates. *P < .05, **P < .005, ***P ≤ .001 by Student t test analysis. All statistical tests were two-sided. + T cells expanded in vitro from the blood of a prostate cancer patient by using a human leukocyte antigen A2 (HLA-A2) binding 9-mer peptide of brachyury were able to lyse MCF7 cells that are brachyury positive and HLA-A2 positive, but not the MDA-MB-436 cells that are brachyury positive but HLA-A2 negative. G) An additional breast carcinoma cell line, MDA-MB-231, which is brachyury positive and HLA-A2 positive was also used; brachyury-specific T cells were able to efficiently lyse MDA-MB-231 cells at different effector-to-target cell (E:T) ratios. Tumor lysis was almost completely abrogated by the addition of an anti-HLA-A antibody but not a control immunoglobulin G (IgG). In all panels, bars represent the mean ± standard deviation of at least three identical replicates. Results in panels C, D, E and G are representative of at least two independent experiments. *P < .05, **P ≤ .005, ***P < .001 by Student t test analysis.
to various doses of docetaxel (docetaxel 1000 difference = 55.7; 95% CI = 53.6 to 57.7; P < .001, Student t test) ( Figure 6D ). In addition, overexpression of brachyury in the mesenchymal MDA-MB-436 cell line was able to further enhance its survival in response to docetaxel treatment (docetaxel 100 difference = 86.0, 95% CI = 58.8 to 113.2, P = .002, Student t test; docetaxel 1000 difference = 42.0, 95% CI = 25.8 to 58.3, P = .004, Student t test) ( Figure 6E ).
To evaluate the potential of an immunotherapeutic approach against brachyury-positive tumors, brachyury-specific cytotoxic T cells were expanded in vitro from the blood of a prostate cancer patient after vaccination with a PSA-TRICOM-based vaccine, using a 9-mer peptide of brachyury that binds to the human leukocyte antigen A2 (HLA-A2) molecule, as previously described (13, 14, 37) . The expanded brachyury-specific cytotoxic T cells were then used as effector cells against breast carcinoma cells. Brachyuryspecific cytotoxic T cells were able to lyse MCF7 ( Figure 6F ) and MDA-MB-231 ( Figure 6G ) breast carcinoma cell lines, which are both brachyury and HLA-A2 positive, but not MDA-MB-436 cells ( Figure 6F ), which are brachyury positive but HLA-A2 negative. In addition, the HLA-restricted lytic ability of the brachyury-specific cytotoxic T cells was demonstrated by effective blockade of the lysis in the presence of an HLA-A blocking antibody ( Figure 6G ). These studies demonstrated that brachyury-specific T cells can efficiently lyse breast carcinoma cells in an HLA-restricted manner.
Discussion
Previous studies have described the selective expression of brachyury mRNA in human cancer cells vs normal adult tissues (13, 14) . We describe the selective expression of brachyury protein in primary human breast carcinomas, metastatic lymph nodes, and distal metastases of breast cancer, whereas biopsies of histologically normal lymph nodes from breast cancer patients and a variety of benign breast diseases were shown to be negative. Of interest is the finding that histologically "normal" tissue immediately adjacent to breast carcinoma scored positive for some patients, whereas distal breast tissue from those same patients scored negative. Although the reason(s) for this phenomenon remains uncertain at this time, the fibroblastoid nature of these brachyury-positive cells could be the result of EMT of breast carcinoma cells influenced by brachyury. Alternatively, this could be the result of a paracrine effect due to soluble factors (such as interleukin 8 or transforming growth factor β) released by adjacent tumor cells in the tumor microenvironment that could enhance the expression of brachyury (12) .
Brachyury is not the only member of the T-box transcription factor family that is upregulated in breast cancer. The human TBX2 and TBX3 gene products have been shown overexpressed in breast cancer cell lines and breast tumors (38) (39) (40) , and TBX2 has been reported as an EMT driver in normal and malignant breast epithelial cells (41) . The studies reported here also show that brachyury protein is detected in up to 90% of breast carcinomas and that the percentage of cells positive (focal-90%) and intensity can greatly vary among tumors. This is not surprising because EMT is a dynamic and reversible process that can be influenced by numerous endogenous and exogenous factors in the tumor microenvironment; immunohistochemistry analyses of tumor biopsy specimens would measure the level of brachyury only at that one point in time.
It is important to point out that extensive work by others has demonstrated the expression of brachyury in chordomas and hemangioblastomas but not in a large variety of carcinomas or normal tissues (42, 43) . Those studies, based on the use of a polyclonal antibrachyury antibody, have led to the use of brachyury as a diagnostic tool for the diagnosis of chordoma (44) . In this study we used a murine monoclonal antibody to detect the expression of brachyury in breast tumor biopsies and cell lines. This monoclonal antibody has been previously shown to react with purified brachyury protein and to detect brachyury in lung tumors but not in the majority of normal tissues evaluated (14) . By utilizing brachyuryspecific polymerase chain reaction probes, expression of brachyury mRNA has also been observed in a variety of human carcinomas (13) . We have also generated T-cell lines specific for a brachyury peptide and have shown that those T cells can lyse a variety of brachyury-positive carcinoma cells (13, 14) . We therefore believe that the differences observed between our results, including those in this article, and those previously published may be because of the different antibodies used. Different antibodies could differ in their avidity and/or epitope specificity and could also distinctly recognize different brachyury isoforms. It is also possible that various types of tumors (ie, chordoma vs carcinomas) might differentially express different isoforms of brachyury.
The relationship of EMT with tumor cell "stemness" is one that is actively being investigated (4). Induction of EMT in human mammary epithelial cells, for example, has been shown to increase a population of CD44 high /CD24 low cells with stem-like characteristics (45) . The data reported here support this hypothesis. Overexpression of brachyury in breast cancer cells drives tumor invasiveness, upregulates markers of stemness, including the pluripotency regulators SOX2, NANOG, and OCT4, and enhances the ability of the tumor cells to form mammospheres in vitro, a property associated with stem cells. Studies previously conducted with human lung cancer cells showed that tumor cells silenced for the expression of brachyury (H460 Br.shRNA) grew faster than H460 control.shRNA cells when implanted subcutaneously in nude mice but were unable to spontaneously metastasize to the lungs, compared with H460 control.shRNA cells (11, 46) . These results suggested that brachyury might not be required for primary tumor growth but instead may be critical for tumor dissemination toward the sites of metastases. Brachyury-high breast tumor cells also manifested lower cell proliferation rates in vitro and were more resistant to the cytotoxic effects of docetaxel. The results of the RNA expression data sets shown in Figure 4 , in which high expression of brachyury is associated with poor prognosis in patients treated with tamoxifen, further support the involvement of brachyury in resistance to drug therapy.
The phenomenon of EMT has been previously associated with highly aggressive tumors of the basal-like subtype (7) . One limitation of this study concerns the relatively low number of samples (n = 30) evaluated for expression of the brachyury protein by immunohistochemistry, including primary and metastatic breast cancer tissues. Immunohistochemical analysis of brachyury expression in a larger sample cohort will be important to define whether the level of brachyury protein in the primary tumor is an independent variable with various clinical characteristics, including tumor stage, grade, lymph node status, and/or distal metastases, and whether brachyury is expressed in a defined breast cancer subtype(s) (47) .
Numerous studies have shown that the EMT process is important in tumor cell migration, invasion, and drug resistance, and that several different transcription factors can drive the EMT process. We have shown here that brachyury is distinct from many of these other factors in its selective expression in human carcinomas vs normal breast tissue. Transcription factors are difficult to target because of their location in the nucleus and the lack of a hydrophobic pocket for conventional small molecule binding. We have shown, however, that one can generate brachyury human T cells (13) , which in turn can lyse human breast carcinoma cells. This has led to the generation of a vector-based vaccine expressing brachyury that is currently being evaluated in a phase I clinical trial (15) . The studies reported here thus provide the rationale for the use of this and other brachyury targeting vaccines as monotherapy or in combination therapies for the treatment of various stages of human breast carcinoma. 
